Introduction
The panel method is a key part of technology in aerospace engineering. One of the shortcomings of the methods is the anomaly which is caused by singularity.
Finite difference methods is equally important and used extensively. It is sometimes difficult to specify the accurate far-field boundary conditions for aeronautical problems. One of the remedies is to add an induced velocity field on the boundary due to the circulation of an airfoil. This requires iterations during the computation because the circulation around the airfoil is not known beforehand. A single circulation may represent the airfoil because the computational boundary is set far from the airfoil, for example 20 chords. 1) A disadvantage of the finite difference method against the panel method might therefore be the large computational domain and inaccurate far-field conditions, although the finite difference method can avoid irregularity near the airfoil.
The present author suggests that, while the flow around the airfoil is solved by the finite difference method in a near-field very small chord-order computational region, the boundary conditions are updated by the induced velocity because of the airfoil that is based on the formula of the panel method (Fig. 1) . The surface velocity of the airfoil obtained by the finite difference method can be regarded as vortices in the panel method. The induced velocities from the surface vortices along the outer boundary are obtained analytically as in the panel method. The induced velocities are added to the incoming uniform flow on the outer boundary, and therefore, the near-field boundary conditions can be accurately represented. The present finite difference-panel hybrid method enable the computation of the flow field around the airfoil in a near-field small computational region, and can also avoid the irregular velocity field near the airfoil pertinent to the panel method.
Finite Difference-Panel Hybrid Method
The vortex based panel method solution is given by 2) 2)
From the finite-difference calculation, the surface velocity components u j , ν j , are obtained, and thus the following can be derived:
3. Calculation
Theory vs. calculation -Joukowsky airfoil
To test the present hybrid concept, the flow around a Joukowsky airfoil was first calculated. Due to the zero trailing-edge thickness, the panel method may have difficulties around that area. Figure 2 shows the 31 × 11 computational grid used in the present calculation. Notice that the outer boundary is very close to the airfoil. The same grid spacing (chord length c/20) and the simple finite difference formula, in order to average the neighboring four points, were used for the stream function with the interpolations for the oblique coordinates. The second-order one-sided difference was used on the surface as well as on the leading and trailing edges. The Kutta condition was that the flow followed the trailing camber direction.
The computational results are shown in Fig. 3 for the Joukowsky airfoil with z 0 = (−0.1, 0.1) and k = 2, where, z 0 : the center of a circle and k: power (Fig. 2) .
3) The calculation agrees with the theoretical pressure coefficient C p th by conformal mapping at angles of attack α = −5 and 10 degrees.
The lift coefficient C l and pitching moment coefficient C m 00 around the origin are shown in Fig. 4 . The agreement between the present calculation (cal) and conformal mapping theory (th) is satisfactory except at the higher angles of attack where the leading-edge suction peak becomes very sharp. 
Experiment vs. calculation -GA(W)-1 airfoil
Although the present hybrid method was a potential flow calculation, the results were compared with those of the GA(W)-1 experiments at Reynolds number 1.9 × 10 6 .
4) Figure 5 shows the pressure distribution, where the potential calculation has higher lift than that of the experiment with the viscous effect. The lift and moment characteristics are shown in Fig. 6 . The lift gradient agrees well with that of the experiment except in the stall region. The pitching moment around the quarter chord agrees with that of the experiment up to around 0 degrees in Fig. 6 , but the relative error exceeds 50% already near 6 degrees. The moment calculation has a fundamental difficulty in that the small error in the peak pressure is amplified by the moment arm.
Concluding Remarks
A finite difference-panel hybrid method is proposed. This method enables us to solve a flow field around an airfoil in a relatively small computational region with induced velocities along the near-field boundary. The method has no velocity anomaly in the vicinity of the airfoil, and the near-field outer boundary conditions are represented correctly with the analytical formula of the induced velocity from the airfoil. The results were satisfactory compared to those of the exact analytical solution of the Joukowsky airfoil and an experiment employing the GA(W)-1 airfoil.
